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1 .0 INTRODUCTION 
This document reports on the research project enti tl ed "Simul ation 
of the Effects of Increased Truck Size and Weight," conducted by the 
Highway Safety Research Inst i tute  (HSRI) of The University of Michigan. 
The research was sponsored by the Federal Highway Administration (FHWA) 
under Contract Number DOT-HS-11-9330, extending over the period from 
October 1977-November 1979. 
The Federal-Aid Highway Act of 1956 authorized the construction of 
the National System of Inters tate  and Defense Highways and placed certain 
limitations on the dimensions and weights of vehicles operating on the 
system. The 1 imitations imposed were: 18,000 pounds (8165 Kg) on a 
single axle, 32,000 pounds (14,515 Kg) on a tandem axle, an overall gross 
weight of 73,280 pounds (33,240 Kg) ,  and a width of 96 inches (244 cm)'. 
These 1 imi ts were based on considerations of system capacity, strength of 
existing pavement and  bridges, the need for maintenance and resurfacing, 
the highway geometrics required t o  accommodate larger vehicles, and the 
effects of large trucks on t r a f f i c  operations. 
The weight 1 imitations have since been raised t o  20,000 pounds 
(9,072 Kg) for a single axle, 34,000 pounds (15,422 Kg) for a tandem axle 
and  80,000 pounds (36,288 Kg) total  gross weight for the vehicle combina- 
tion. Increasing loads have broad implications on the operation of the 
highway system. For example, the 11% increase in single-axle load has 
significance because i t  i s  the basis for the structural design of pavements 
and  i s  also a primary factor in vehicle control. 
Proposals are being made t o  further increase the a1 lowable 1 oads, as 
well as raise the width limitations, and i t  must be anticipated t h a t  more 
such proposals will be submitted from time t o  time. Such proposals should 
be evaluated on a rational basis, and should consider the economic and 
social impacts as we1 1. 
With the emergence of high-speed computers, the simulation of complex 
processes has become a re1 iabl e and cost-effective method for  investigating 
the performance of new concepts or the effects of modifications t o  existing 
systems. Computer codes enabling the simulation of the ride and handling 
of heavy trucks have been developed and are  operational. I t  follows that 
such programs, together with some experimental and f ie ld  data, offer 
considerable promise for  aiding the Federal Highway Administration in 
conducting analyses that  are needed for  rational decision making. 
To th i s  end, HSRI has been supported by the FHWA in a program de- 
signed t o  modify and exercise computer simulation programs for  investigating 
the dynamics of heavy vehicle t ra ins ,  the i r  response to control inputs, 
and the i r  s t ab i l i t y  in the presence of disturbance inputs. The approach 
adopted in the study was that  of selecting an existing simulation program 
for  trucks and t rac tor - t ra i le rs  and modifying i t  as necessary t o  meet the 
above stated objectives. To establish the veracity of th i s  work, a 
separate project ent i t led "Val idation of Truck Hand1 ing Simulation Results" 
was sponsored concurrently a t  the Texas Transportation InstituteITexas A & 
M University, to generate full-scale vehicle t e s t  data against which the 
computer simulation program could be validated. The research plan called 
for using the validated program in a prototype study of truck s ize and 
weight effects ,  and a copy of the program was t o  be vested with the 
Federal Highway Administration for  use a t  the i r  own computer facil  i t i e s .  
This report summarizes the development and the features of the com- 
puter code prepared t o  sa t i s fy  the needs and requirements of the FHWA. 
This summary includes: 
1 )  a statement of the background underlying the development of 
the program, 
2 )  a description of the program, 
3 )  a definition of the uses of the program, and 
4) a brief report of validation ac t iv i t i e s .  
The report concl udes w i t h  a presentation of findings and recommendations 
with respect t o  fol low-on use of  the program by the FHWA. 
2.0 DEVELOPMENT OF THE T3DRS:Vl PROGRAM 
2.1 Background 
Since 1971, the HSRI has conducted research under the sponsorship of 
the Motor Vehicle Manufacturers Association ( M V M A )  t o  develop computer- 
based methods for analyzing and predicting the directional and braking re- 
sponse of commercial motor vehicles. The in i t i a l  phase of this  research 
dealt with model ing the braking performance of commercial vehicles and was 
reported in Reference [I]* (Phase I ) .  The second phase extended vehicle 
modeling to  allow for  directional response and was reported in Reference 
[2] (Phase 11). The continuation of research into braking performance led 
t o  additional refinements in the braking simulation which were reported in 
Reference [3] (Phase 111). In to t a l ,  th i s  research under the auspices of 
MVMA led t o  four separate computer simulation models: 
-Straight Truck Braking Model (Phase I & 111) 
*Tractor-Trailer Braking Model (Phase I & 111) 
-Straight Truck Directional Response Model (Phase 11) 
*Tractor-Trai 1 e r  Directional Response Model (Phase I I )  
T h o u g h  a l l  programs evolved from the same approach t o  vehicle modeling, 
separate programs were prepared and maintained. 
Under this  project, the requirements to  add one or two ful l  t r a i l e r s  
(doubles and t r ip l e s )  t o  the tractor-semi t r a i  l e r  model were cause for 
reformulating the computer simulation model for  the purposes of: 
Consol i dating a1 1 vehicle combinations into one program 
Improving the input/output format 
Simplifying the model to include only the most relevant 
aspects as determined from the intervening research. 
The work led t o  a new simulation program using the same modeling 
approaches. The program, described here, i s  designated as "The Truck and 
Tractor-Trai 1 er Dynamic Response Simulation - T3DRS: V1." 
*Numbers in brackets indicate references in Section 5 of this  report. 
2 . 2  Description of the Program 
The T3DRS:Vl program is  a time domain mathematical simulation of a 
truck/tractor,  a semitrailer and u p  t o  two ful l  t ra i le rs .  The vehicles are 
represented by differential  equations derived from Newtonian mechanics that 
are solved a t  successive time increments by digital  integration. A more 
detailed description of the program i s  provided in the User's Manual [4] 
and Programmer's Manual [5] prepared under th is  project. 
The program i s  written in a generalized fashion t o  allow simulation 
of a large number of vehicle configurations. The f i r s t  vehicle i s  the 
power unit and may be a truck or t ractor ,  b o t h  of which may carry payload. 
As a single u n i t  with no payload, i t  i s  equivalent to  an empty truck or 
bobtail tractor.  With payload, i t  i s  a truck, which, w i t h  a semitrailer as 
well, simulates a car hauler, dromedary t ractor ,  etc. The second unit i s  
always a semitrailer ( i . e . ,  current models do n o t  include a truck with f u l l  
t r a i l e r ) .  The third and fourth units are ful l  t r a i l e r s  consisting of 
semitrailers on either a fixed or converter dolly. Separate payload may 
be specified for each t r a i l e r .  
The truckltractor unit i s  distinguished by the fact  that i t  can 
have only a single front axle with single t i r e s ,  and can be arb i t ra r i ly  
steered. All other axles on the vehicle combination can be represented as 
single or tandem axles with single or dual wheel sets.  
The mathematical model effectively incorporates u p  t o  71 degrees of 
freedom. The number o f  degrees of freedom are dependent on the vehicle 
configuration and derive from the following: 
*Six degrees of freedom (three translational and three rota- 
t ional)  for the truckltractor sprung mass 
*Three degrees of freedom for the semitrailer ( the three other 
degrees of freedom of the semitrailer are effectively elimin- 
ated by dynamic constraints a t  the hitch) 
*Five degrees of freedom for each of the two ful l  t r a i l e r s  
a1 1 owed 
*Two degrees of freedom (vertical  and  r o l l )  for each of the 
13 axles a1 1 owed 
.A wheel rotation degree of freedom for  each of the 26 wheels 
a1 1 owed 
The motion of each of the sprung masses i s  determined from the sum- 
mation of forces and moments upon i t  arising from the t i r e s  (acting through 
the unsprung mass of the axle and suspension), gravity and the hitch point 
constraints. Small angle assumptions are made in the derivation of the 
mathematical equations so that the simulation can be validly applied u p  
through the onset of rollover. 
Operation of the T3DRS:Vl program i s  accomplished by submission of the 
necessary j o b  control instructions followed by a l i s t  of input parameters. 
The specific job control instructions required are dependent on the user 's  
computer system and whether batch or remote job entry i s  being used. 
The l i s t  of parameters describes the vehicle being simulated and the 
maneuver being performed. The f i r s t  group in the 1 i s t  i s  called the 
Simulation Operation Parameters and includes the following information: 
-Ti t le  for the run 
-Vehicle configuration 
- In i t ia l  velocity of the vehicle 
-Steer input (steering angles or path t o  be followed) 
-Braking inputs 
-Simulation time 
-Road description ( f l a t ,  grades or user subroutine) 
- O u t p u t  (type and printing intervals) 
The l i s t  next includes information t o  describe the truck or t ractor ,  
grouped i n  the order of sprung mass properties, front suspension and axle 
description, front t i  re and wheel properties, then rear suspension and 
axle, rear t i r e s  and wheels, and f ina l ly ,  the individual brake characteris- 
t i c s  ( i f  braking i s  used in the maneuver). If the vehicle configuration 
includes a semitrailer,  the 1 i s t  of parameters continues with a description 
of i t s  sprung mass properties, suspension and axle properties, t i r e  and 
wheel properties, and brake characteristics.  With doubles and t r ip les  
combinations, the description of each t r a i l e r  then follows in a similar 
fashion. The ful l  t r a i l e r s  of a doubles or t r ip les  combination may be 
of the fixed or converter dolly type. 
The sprung mass properties are described by the following types of 
parameters, as i 11 ustrated for  truck/tractors in Figure 1 : 
-Wheel base ( the characteristic length) 
-Front and rear curb weights (weight) 
-Center of gravity height 
-Moments of iner t ia  in r o l l ,  pitch and yaw 
-Pay1 oad (weight, 1 ocation and moments of iner t ia )  
-Hitch point location ( f i f t h  wheel or pintle hook) 
-Fifth wheel roll s t i f fness  (with tractors only) 
The payload i s  an option that f ac i l i t a t e s  easy simulation of a vehicle 
under different loading conditions. Hitch point information i s  required 
only when the unit being described i s  a tow vehicle for another t r a i l e r .  
The sprung mass information for a ful l  t r a i  1 e r  includes four additional 
parameters a t  the beginning of the l i s t ,  which consists of a key for 
selecting fixed or converter do1 ly ,  and three dimensions that effectively 
describe the tongue length, location of the yaw articulation point, and 
location of the pitch articulation point. 
The suspension and axle parameters describe the suspension and 
unsprung mass properties. These i tems are modeled as shown in Figure 2.  
Either a single or optional tandem axle may be specified a t  any axle 
location except the front axle of the truck/tractor unit. The descrip- 
t ive parameters required are as follows: 
-Suspension key (single or tandem) 
-Tandem parameters (axle separation, s t a t i c  load distribution, 
brake torque load transfer e f fec ts )  
-Spring rates 
-Viscous damping and coulomb fr ic t ion 
-Axle mass and roll moment of iner t ia  
-Roll center height 
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Figure 1 .  Modeling elements of the truck/tractor sprung mass. 
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-Roll s teer  coefficient 
-Auxiliary rol l  s t i f fness  
-Lateral distance between springs 
-Track width 
Tandem axles are  modeled as two single axles with s t a t i c  and dynamic load 
transfer interactions. The suspension spring rate  may be given as a 
single ( l inear )  characteristic;  or by use of a negative integer entry, the 
program i s  keyed to accept a multi-point table t o  define nonlinear charac- 
t e r i s t i c s .  In addition, the suspension properties may be given different 
values on the l e f t  and right side of the vehicle in a side-to-side option 
exercised by making a double entry on the specified 1 ine. 
The t i r e s  and wheels are described by parameters that represent: 
-Dual t i r e  separation (except truck/tractor front ax1 e )  
-Tire stiffnesses (cornering, longitudinal , camber, a1 igning 
moment, and vertical spring ra te )  
-Tire loaded radius 
-Polar moment of iner t ia  
The s t i f fness  values represent the e l a s t i c  properties of the t i r e  and i t s  
frictional coup1 ing t o  the road surface. The cornering and longitudinal 
st iffnesses are especially significant t o  turning and braking performance, 
respectively. Hence, e i ther  may be entered as a mu1 ti-point table by use 
of the negative integer keying method described above. Additional ly ,  the 
side-to-side option may be used with any of the above parameters. 
Brakes are described by three parameters-+ time lag and r i se  time 
representing the brake pressure transmission characteristics of the pneu- 
matic 1 ines to each brake, and the brake torque characteristics.  The l a s t  
parameter may be given as a mu1 ti-point table i f  so desired. Each brake 
of the vehicle may be described individual ly by each of the above parameters. 
Further, an antilock brake control may be specified for each wheel position. 
The anti 1 ock sirnul ation i s  a general -purpose program which requires the 
user t o  define the operating characteristics of each antilock system being 
specified. 
As input data i s  read, the data i s  normally "echoed" as the f i r s t  
pages of output. A t  the completion of the input read process, the program 
calculates necessary properties of the total  vehicle combination and 
prints a page of output containing a summary of those vehicle properties. 
The program then "runs," solving the differential  equations of motion for 
the vehicle until the vehicle reaches a f u l l  stop, a default stop (such as 
rollover),  or until the designated maximum simulation time i s  reached. A t  
various points during the run, simulation o u t p u t  i s  printed, which ( a t  the 
option of the user) may include time-based values for the vehicle motion 
variables, t i r e  forces a t  each axle, braking conditions on each axle, t i r e  
cornering conditions, and the suspension motions and forces, 
The vehicle motion variables are given as instantaneous values of 
(translational and rotational ) position, velocity, and acceleration. 
Auxiliary information on the radius of turn, body sideslip angle and a r t i -  
culation angles (of t rac tor - t ra i le r  vehicles) i s  also provided. The t i r e  
forces include vertical , 1 ateral , and longitudinal components, the asso- 
ciated coefficients of f r ic t ion being ut i l ized,  and the wheel operating 
conditions relating t o  s teer  and s l i p  angles, brake torque, and wheel longi- 
tudinal s l ip .  The suspension motions are defined by the vertical and roll  
positions and velocities. Suspension forces are those derived from spring 
deflections, damping effects and auxiliary roll  s t i f fness .  
2.3 Uses of the Program 
The great versatil f ty of the T3DRS:Vl program in representing com- 
mercial vehicle types and components in steering and braking maneuvers gives 
i t  great u t i l i t y .  I t  can be used t o  simulate the following vehicle con- 
figurations: 
*Straight truck, empty and loaded 
*Bobtail t ractor  
*Tractor-semitrailer ( 3  t o  5 axles),  empty and loaded 
*Tractor-semi t r a i  1 er-ful 1 t r a i  1 e r  ( 5  t o  9 ax1 e s )  , empty and 
1 oaded 
.Tractor-semi t r a i  1 er-ful 1 t r a i  1 er-ful 1 t r a i l e r  ( 7  t o  13 axles),  
empty and loaded 
For simulation of braking performance, the program incorporates 
representation of truck a i r  brake systems, anti lock wheel control systems 
and tire-road fr ic t ion models. Typical examples of braking studies for  
which i t  can be or has been used are: 
1 ) Stopping distance performance 
2 )  Effects of brake timing 
3) Dynamic behavior in braking 
4 )  Comparisons of anti lock wheel control logic 
5 )  Infl uence of t i  re-road fr ic t ion coup1 ing 
6 )  Spl i t  f r ic t ion surfaces 
7 )  Brake proportioning 
8 )  Tandem-axle effects on braking 1 imi t s  
For simul ation of cornering performance behavior, the program a1 1 ows 
state-of-the-art representations of truck t i r e  la teral  force characteristics 
(with roll  -off effects during combined braking), and vehicle suspension pro- 
perties of significance to cornering behavior. Typical examples of studies 
involving cornering are as follows: 
1 ) Understeer/oversteer properties of commercial vehicles 
2 )  Determining cornering 1 imi t s  
3)  Assessing the tandem-ax1 e effects on cornering 
4)  Jackknife prediction 
5 )  Effects of suspension properties on cornering and 
cornering 1 imi t s  
6 )  Accident simulation 
I n  addition t o  the above, the program can be operated open-loop 
(defined steer angle inputs) or closed-loop (defined path input),  on roads 
of specified grade or cross-slope, and on roads defined by the user. 
2.4 Validation 
The val idi  t y  of T3DRS:Vl, 1 i ke any computer program, i s  dependent on 
the accuracy and execution of program statements, the capab i l i t i e s  of the 
simulation models, and the qua1 i t y  of the vehicle and maneuver descript ions 
defined by the input data. Throughout i t s  development within the project ,  
simulation resu l t s  have been checked against  analytical  models, the pre- 
decessor simulation programs, vehicle t e s t  data acquired by t h i s  I n s t i t u t e  
and vehicle t e s t  data acquired by the Texas Transportation In s t i t u t e  (TTI) 
in the companion project "Validation of Truck Handling Simulation Results, ' '  
[61 
Figure 3 shows a comparison of the T3DRS:Vl predictions of low- 
speed cornering behavior fo r  trucks against  analytical  model s  and experi - 
mental data from another project  [7,8]. The vehicle i s  a  three-axle 
s t r a i gh t  truck loaded to  44,500 I b  (20,185 kg)  gross vehicle weight. A t  
the selected eight-degree s t e e r  angle, the program predicts  a path curva- 
ture  in agreement with the analytical  model and experimental data. Similar 
agreement may be expected a t  other s t e e r  angles. 
With increases in speed, s teady-state cornering performance i s  
commonly characterized by the change in road wheel s t e e r  angle with in- 
creasi ng 1 a tera l  accel erat ion (understeer gradient) .  Figure 4 shows a 
comparison of T3DRS:Vl predictions w i t h  experimental data,  and the earl  i e r  
Phase I  I  computer simulation [7,8]. The experimental data was acquired 
on the same t e s t  vehicle as i n  Figure 3 in steady-state cornering a t  
d i f fe ren t  speeds and radi i  of turn. The T3DRS:Vl and Phase I1 simulations 
d i f f e r  s l i gh t l y ,  b u t  inconsequently, in the understeer predictions due to  
s l  ight  differences in t i r e  charac te r i s t i c s  in the models. Both simulations 
exhibit  1 imi t behavior, indicated by i nab i l i t y  to  achieve a steady-state 
turn, a t  j u s t  over 0.3 g ' s  l a te ra l  accelerat ion,  as was observed on the 
t e s t  vehicle. 
Transient behavior i n  a  cornering maneuver should also be predicted 
correctly by a simulation. Figure 5 shows replicat ion of a double lane 
change by the empty tractor-semi t r a i  l e r  combination tested by TTI . The 
lane-change path defined fo r  the t e s t  maneuver was used as i n p u t  t o  the 
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Figure 3. Comparison of analytical, experimental and simulation pre- 
dictions for low-speed cornering of a loaded three-axle 
straight truck. 
Figure 4. Comparison of experimental and simulated resu l t s  fo r  high- 
speed cornering of a loaded three-ax1 e truck. 
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Figure 5 .  Comparison of simulation w i t h  experimental r esu l t s  i n  a 
double lane-change maneuver (TTI Test f 199, empty, f i f t h  
wheel -midpoint, t r a i  l e r  bogey-rear) . 
assumed by the simulation closely matches that of the t e s t  vehicle, with 
similar agreement in the vehicle response variables of  la teral  acceleration 
and yaw rate. 
Finally, a simulation may be used t o  predict braking performance, 
either straight-l ine braking or braking in a turn. Figure 6 gives an 
example of the T3DRS:Vl predictions of a tractor-semitrailer braking-in-a- 
turn maneuver performed a t  TTI. Close agreement with the actual behavior 
of the t e s t  vehicle i s  obtained. 
Ultimately, the determinant of validity of a computer simulation pro- 
gram i s  the user-supplied input data and the interpretation applied t o  the 
results. Properly used, the program i s  capable of validly predicting most 
aspects of braking performance and directional response in maneuvers u p  
t o  the limits of rollover. In the special case where a direct comparison 
between a vehicle and simulation ( i . e . ,  validation) i s  intended, the 
acquisition of accurate experimental measurements and vehicle parameters i s  
costly and time-consuming. In most appl ications, however, the program i s  
used as a tool for studying generalized performance and sensi t ivi ty  of  per- 
formance to  vehicle parameters. I n  those cases, i t  i s  sufficient t o  simply 
use representative vehicle parameters, recognizing that the resul t s  ob- 
tained are typical b u t  n o t  precisely equivalent t o  any specific vehicle. 
F Experimental - - - - Simulation 
Time (sec)  
Figure 6. Comparison of simulation with experimental results in a  
braking-in-a-turn maneuver (TTI  Test f287, loaded, f i f t h  
wheel -rear,  t r a i  1 er bogey-forward) . 
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3.0 CONCLUSIONS 
Inasmuch as t h i s  project  has been primarily concerned w i t h  develop- 
ment of tools and methodology without ac tual ly  making assessments of the 
e f fec t s  of increased truck s ize  and weight on dynamic behavior, the con- 
clusions a re  1 imited t o  summary statements re la t ing to the simulation pro- 
gram and i t s  application t o  the problem. 
The conclusions a re  as follows: 
1 )  The T3DRS:Vl computer simulation program provided to  the FHWA, 
in the opinion of HSRI, i s  considered to  be the most ve r s a t i l e  and eas i ly  
used simulation currently available f o r  investigating the dynamic behavior 
of heavy vehicles. 
2 )  The subject program has been made operational on computer ' 
f a c i l i t i e s  designated by the FHWA, and use of the program by FHWA s t a f f  
has been demonstrated. 
3)  The T3DRS:Vl program i s  capable of validly predicting braking 
and directional  response behavior of trucks, tractor-semi t r a i  1 e r s ,  doubles 
and t r i p l e s .  
4) The program i s  a sui table  tool fo r  studying the e f fec t s  of truck 
s i z e  and weight through i t s  capabi l i ty  t o  characterize performance changes 
in any selected maneuver w i t h  variat ions i n  s i ze  and weight. 
4.0 RECOMMENDATIONS 
In order to fully utilize the products of this project, the HSRI 
recommends that : 
1) The FHWA regularly use and maintain the computer simulation pro- 
' gram at their facilities. The proper application of the program requires 
personnel with knowledge and experience in heavy vehicle simulation. Regu- 
lar use will develop those skills. Failure to use a program usually results 
in its eventual relegation to a nonfunctional status. 
.2)  The FHWA use the program in a systematic study of the effects of 
increased truck size and weight. The investigation should be directed 
toward identifying the dynamic performance changes associated with differ- 
ent size and weight limits as applied to vehicles of alternative design 
configurations. Specifically, the investigation can be used to identify 
vehicle design factors (such as tire or brake size) that should be upgraded 
as a condition for allowing increases in truck size or weight. 
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